Introduction
============

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by hyperglycemia [@B1]. As a consequence, diabetics have high risk of developing metabolic related complications such as ketoacidosis, hyperosmolar non-ketotic coma (HONK) [@B2] , atherosclerosis [@B3], coronary artery disease [@B4] and pancreatitis [@B5]. These increased risks were due to co-existence of hyperlipidemia, which was characterized by hypertriglyceridemia, reduced high-density lipoprotein (HDL) and increased low density lipoprotein (LDL) [@B6] cholesterol levels.

Oxidative stress plays important role in the pathogenesis of diabetes and its complications [@B7]. Oxidative stress is caused by increased free radical formation, which were generated through several mechanisms such as glucose auto-oxidation, protein glycosylation and accumulation of advanced glycation end products (AGEs) [@B8]. Oxidative stress could affect pancreatic β-cells [@B9] which could be destroyed through a direct insult by the free radicals [@B10]. Abnormally high levels of reactive oxygen species (ROS) in the pancreas and low levels of antioxidant defense mechanisms could lead to increased oxidative damage which causes reduced insulin secretion [@B11].

*Chlorophytum borivilianum,*commonly known as Safed Musli, is a highly valued medicinal plant in India and Southeast Asia. This plant has been shown to possess anticancer, antimicrobial, antifungal, antiulcer, antipyretic, antiarthritic and immunomodulatory activities [@B12]. Preliminary findings by Panda et al, [@B13] and Mujeeb et al, [@B14] reported that *C. borivilianum* could induce acute reduction of blood glucose levels in diabetic rats. Despite of these reports, the effect of long-term administration of *C. borivilianum* root on blood glucose, lipid profiles and insulin levels are currently unknown., Kenjale et al, [@B15] reported that *C. borivilianum* root aqueous extract can cause significant reduction in blood glucose, TG and cholesterol levels in rats exposed to cold stress as well as displays *in-vitro* anti-oxidant activity which could help to protect against oxidative stress.

We hypothesized that *C. borivilianum* root was able to prevent impairment of blood glucose, lipid profile and insulin levels and damage to the pancreas due to increased oxidative stress in diabetes. This study therefore aimed to investigate *C. borivilianum* root extract effect on blood glucose, HbA1c, lipid profile, insulin levels and glucose homeostasis indices as well as oxidative stress parameters (lipid peroxidation product-LPO and activity levels of antioxidant enzymes) in the pancreas of diabetic rats. In addition, the histopathological changes of the pancreas in diabetic rats following treatment with the root extract were also investigated.

Materials and Methods
=====================

Drugs and Chemicals
-------------------

Streptozotocin was purchased from Sigma Aldrich (St. Louis, MO, USA). All other chemicals were analytical grade.

Plant Collection and Preparation of Plant Extract
-------------------------------------------------

Dried roots of *C. borivilianum*were procured from Nandan Agro Farms Pvt. Ltd. (Hyderabad, Andhra Pradesh, India) and authenticated by Dr. K. Madhava Chetty, Botanist, Sri Venkateswara University, Tirupati, India. The roots were deposited at Herbarium, Sri Venkateswara University with voucher number: KLU 96568. Dried roots were cut into small pieces and grounded into a fine powder. The root powder (1000 g) was subjected to cold maceration in 2 L of sterile distilled water for 48 hours at room temperature, filtered into a clean round bottom flask using No. 1 Whatmann Millipore filter paper (0.45 μm Ref HAWP04700, Bedford, MA, USA) and concentrated to dry by using a rotary evaporator (Rotavapor®, R-210, BuchiLaborotechnik, AG, Flawil, Switzerland) at 50±5°C and lyophilized using a freeze-drying system (Telstar, Barcelona, Spain) to yield approximately 38 g of solid extract (3.8 % w/w).

Experimental Animals
--------------------

Adult male Wistar rats (220 ± 10g, 90 days of age) and Swiss albino mice (six weeks old, weighing 23 ± 2 g were obtained from Animal House, Faculty of Medicine, University of Malaya, Kuala Lumpur, Malaysia. The animals were caged under standard environmental conditions of room temperature of 25 ± 2°C, relative humidity of between 45-55% and 12 hrs light/ dark cycle. The animals were fed with standard feed pellets (Harlan diet, UK) and tap water *ad libitum*. Experimental procedures were in accordance with ARRIVE guidelines (Animals in Research: Reporting *In-Vivo* Experiments) and European Community Guidelines/ EEC Directive, 1986. This study protocol was approved by the Faculty of Medicine, Animal Care and Use Committee, University of Malaya with ethics number: 2013-07-15/FIS/R/NS.

Phytochemical screening
-----------------------

A qualitative phytochemical evaluation was performed on the aqueous root extract to determine the presence of carbohydrates (Barfoed\'s test), flavonoids (test of Shinoda), phytosterols (Libermann Buchard test), phenols (ferric chloride test), alkaloids (Dragendorff test), proteins (Biuret test) and saponins (Saponification test) following the methods as described by Harborne [@B16].

Acute toxicity study
--------------------

Acute toxicity study was conducted according to the Organization for Economic Cooperation and Development (OECD) revised up-and-down procedure for acute toxicity testing (OECD guideline 425) [@B17]. Healthy adult mice were divided into five groups (n = 6). A single dose of extract at different concentrations (50, 100, 500, 1,000, and 2,000 mg/kg bw) added in appropriate quantity with 1% sodium carboxy methyl cellulose (Na-CMC) was given orally by gavage to different group of mice. The animals were allowed free access to food and water. The animals were deprived of food 2 hr before and 4 hr after dosing. Animals were continuously monitored every 4 hrs for their behavioral (alertness, restlessness, irritability, vomiting, fearfulness), neurological (spontaneous activity, convulsion, gait, bleeding orifices, touch/pain response) and autonomic (defecation, micturition) profiles. The number of demise mice in each group was recorded after 24-72 hrs. The extract was devoid of any toxic effect to the animals when given at doses up to 2000 mg/kg. Hence, in this study, doses at 250 and 500 mg/kg were selected. Several studies used mice as a model to investigate dose-related toxic effect of plant extracts prior to their administration in rats [@B18], [@B19].

Induction of Diabetes
---------------------

Hyperglycemia was induced in overnight fasted male rats via a single intraperitoneal injection of STZ dissolved in ice cold citrate buffer (0.1M, pH 4.5) at a dose of 55 mg/kg [@B20]. The rats were allowed to drink 5% sucrose solution overnight after drug injection to overcome hypoglycemia. Diabetes was confirmed from the presence of polydipsia, polyuria and weight loss and also only animals exhibiting fasting glucose level greater than 300 mg/dL however lower than 400 mg/dl three days after STZ injection were used in this study. Treatment with 250 and 500 mg/kg body weight of *C. borivilianum* root extract [@B14] was commenced four days after STZ injection and this was considered as day one. The root extract was administered in the form of suspension in 1% Na-CMC dissolved in distilled water by using an oral gavage tube daily for 28 consecutive days which was regarded as sub-chronic treatment duration [@B19], [@B21].

Experimental Design
-------------------

The animals were randomly assigned into five experimental groups with six (6) rats per group:

Group I - Control rats- received 1% Na-CMC vehicle only.

Group II - Diabetic control rats- received 1% Na-CMC vehicle only.

Group III and IV - Diabetic rats treated with *C. borivilianum*root aqueous extract at 250 & 500 mg/kg body weight respectively.

Group V- Diabetic rats treated with a standard anti-diabetic agent, glibenclamide [@B22], [@B23] at 600 µg/kg body weight.

Fasting blood samples of rats were collected once weekly from the retro-orbital plexus under light ether anesthesia into a collection tube. At the end of the experimental period (day 28^th^), overnight fasted rats were weighed and then sacrificed with intraperitoneal injection of pentobarbital sodium (60 mg/kg) anesthesia followed by cervical dislocation. Blood was immediately withdrawn via heart puncture into the collection tubes and serum was separated by centrifugation (Thermo Scientific, Model 75005286, USA) at 2000×g for 15 min for biochemical and hormone analyses and stored at -20^0^C until future use.

Fasting Blood Glucose (FBG) Measurement
---------------------------------------

FBG level was measured at day 0^th^, 7^th^, 14^th^, 21^st^ and 28^th^. of the experimental period. Glucose levels were estimated with glucose oxidase/peroxidase kit (BioSystems S.A. Costa Brava 30, Barcelona, Spain). In principle, glucose was oxidized to gluconate and hydrogen peroxide, with the product coupled with 4-faminoantipyrine and phenol to generate quinoneimine. A colored complex was produced which was proportional to glucose concentration in the sample. Intensity of the color changes was measured at absorbance wavelength of 500 nm with an automated analyzer Dimension RxL Max Integrated Chemistry System (Siemens Healthcare Diagnostics Inc. Deerfield, IL, USA).

Measurement of Glycosylated Hemoglobin (HbA1c) Levels
-----------------------------------------------------

Glycosylated hemoglobin in whole blood was estimated by using an automated analyzer Dimension RxL Max Integrated Chemistry System (Siemens Healthcare Diagnostics Inc. Deerfield, IL, USA).

Measurement of Serum Insulin levels
-----------------------------------

Serum insulin levels were estimated by using enzyme-linked immunosorbent assay (ELISA) kit (EIA-2048, 96 wells, DRG Instruments GmbH, Marburg, Germany) according to the manufacturer\'s guideline. Briefly, during incubation, insulin in the sample reacts with peroxidase-conjugated anti-insulin antibodies which bound to the micro-titer wells. A sample washing step removes the unbound enzyme-labeled antibody. The bound conjugate was detected by the reaction with 3, 3\', 5, 5\'-tetramethylbenzidine. The reaction was stopped by adding acid to give a colorimetric end-point and optical density was measured by using a micro plate auto reader (iMark^TM^; Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm.

Determination of Lipid Profile Levels
-------------------------------------

Serum lipid profile levels including high density lipoprotein (HDL), total cholesterol (TC) and triglyceride (TG) were measured by using an automated analyzer Dimension RxL Max Integrated Chemistry System (Siemens Healthcare Diagnostics Inc. Deerfield, IL, USA). Serum low density lipoprotein (LDL) and very low density lipoprotein (VLDL) were estimated based on Friedewald formula [@B24]:

Homeostatic Model Assessment (HOMA)
-----------------------------------

Insulin resistance index (HOMA-IR) and β-cell function index (HOMA-*β* cell function) were calculated according to the following formulas [@B25].

Pancreas Histology and Morphometric Analyses
--------------------------------------------

Following sacrificed, rats\' pancreas was immediately harvested and fixed overnight in 10% formalin followed by paraffin embedding. Paraffin-embedded sections were cut into 5μm thickness by using a microtome (Histo-line laboratories, ARM-3600, Viabrembo, Milan, Italy). The sections were deparaffinized by immersion in xylene for 20 min, and then dropped into ethanol solution at decreasing concentrations (100%, 95%, 90% and 80%), for 5 min each. The sections were then stained with hematoxylin and eosin. Histopathological changes of the pancreas were viewed and micro-graphed under a phase contrast microscope with an attached photograph machine (Nikon H600L, Tokyo, Japan). The morphometric analyses of the pancreas were performed by using Image J software (Image J 1.39f, NIH-Bethesda, MD, USA). From each group, six histological sections were examined at different magnifications to obtain the average of (1): number of islets of Langerhans/pancreas, (2): diameter of Islets of Langerhans, (3): number of β-cells/ Islets of Langerhans and 4): diameter of β-cells.

Estimation of Pancreas Lipid Peroxidation Product (LPO)
-------------------------------------------------------

LPO was estimated by thiobarbituric acid (TBA) reaction with malondialdehyde (MDA), a product formed due to peroxidation of membrane lipids [@B26]. In brief, 2.5 ml of pancreas homogenate, 0.5 ml of 0.9% NaCl, 1.0 ml of 20% w/v TCA were added. The content was centrifuged for 20 minutes in a refrigerated centrifuge at 4000× g. To 1.0 ml of supernatant, 0.25 ml of TBA reagent was added and the content was incubated at 95˚C for 1 hr then cooled under tap water prior to adding 1 ml of n-butanol. After a thorough mixing, the content was again centrifuged for 15 minutes at 4000× g in a refrigerated centrifuge. The organic layer was transferred into a clear tube and the absorbance was measured at 532 nm using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). The rate of lipid peroxidation was expressed as µ moles of MDA formed/gram wet weight of tissue.

Estimation of Pancreas Superoxide Dismutase (SOD) Activity
----------------------------------------------------------

SOD enzyme activity of the homogenates was assayed according to the method of Misra and Fridovich [@B27]. The assay procedure involved inhibition of epinephrine auto-oxidation in alkaline medium (pH 10.2) to adrenochrome, which was markedly inhibited in the presence of this enzyme. To 0.5 ml of supernatant, 1.5 ml of carbonate buffer (0.05M, pH 10.2) and 0.5 ml of ethylene-diamine-tetra acetic acid (EDTA) solution (0.49M) were added. The reaction was initiated by adding 0.4 ml epinephrine (3mM). Changes in the absorbance were recorded at 480 nm for 1 min at 15 sec interval, 3 min each by using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan)**.**SOD activity levels were expressed as the amount of enzymes that inhibit oxidation of epinephrine by 50%, which was equal to 1 U per milligram of protein.

Estimation of Pancreas Catalase (CAT) Activity
----------------------------------------------

CAT enzyme activity of the homogenates was determined on the basis of hydrogen peroxide decomposition [@B28]. The reaction solution contained 2.5 ml of 50 mmol phosphate buffers (pH 5.0), 0.4 ml of 5.9 mmol H~2~O~2~ and 0.1 ml enzyme extract. The reaction was initiated by addition of the enzyme. Changes in the absorbance of the reaction solution at 240 nm were noted every 30 s and was determined by using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). The activity levels of this enzyme were expressed in µmol of hydrogen peroxide (H~2~O~2~) metabolized/mg protein/min.

Assay of Pancreas Glutathione Peroxidase (GPx) Activity
-------------------------------------------------------

The activity levels of GPx in the homogenates were determined according to the method by Rotruck & Pope [@B29]. The reaction mixture consist of 0.2 ml of 0.8 mM EDTA, 0.1 ml of 10 mM sodium azide, 0.1 ml of 2.5 mM H~2~O~2~, 0.2 ml of glutathione (GSH), 0.4 ml of 0.4 mM phosphate buffer (pH 7.0) and 0.2 ml of homogenate incubated at 37^o^C for 10 minutes. The reaction was arrested by addition of 0.5 ml of 10% TCA and the tubes were centrifuged at 2000× rpm. To the supernatant, 3.0 ml of 0.3M disodium hydrogen phosphate and 1.0 ml of DTNB were added and the color developed was immediately read at 420 nm by using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). The activity levels of GPx were expressed as μMol of GSH consumed/mg protein/min.

Statistical Analyses
--------------------

Statistical differences were evaluated by analysis of variance (ANOVA) followed by Duncan\'s new multiple‐range and Student\'s t‐tests. A probability level of less than 0.05 (p\<0.05) was considered as significant. Post‐hoc statistical power analysis was performed and all the values obtained were \>0.8 which indicate adequate sample size. Meanwhile, Shapiro-Wilk test was performed and all values obtained were \>0.05 which indicate that these data were normally distributed.

Results
=======

Phytochemical screening
-----------------------

Qualitative phytochemical screening of the aqueous extract of *C. borivilianum*root showed the presence of carbohydrates, proteins, phytosterols, alkaloids, flavonoids and phenolic acids (data not shown).

Acute toxicity studies
----------------------

Animals showed good tolerance to the tested single dose of aqueous extract of *C. borivilianum*root up to doses as high as 2000 mg/kg which were found to be non-lethal. The highest dose of the extract did not present any noticeable signs of toxicity and mortality until the end of the study period.

Body Weight Changes
-------------------

Figure [1](#F1){ref-type="fig"} shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on body weight in diabetic rats. Our findings indicate that the final body weight of diabetic rats was significantly reduced (25.93%) as compared to initial body weight, and was 29.45% lower than the final body weight of normal, non-diabetic rats. Administration of *C. borivilianum* root aqueous extract at 250 and 500mg/kg/day caused no significant weight loss in diabetic rats as compared to normal, non-diabetic rats.

Changes in Fasting Blood Glucose (FBG) Levels
---------------------------------------------

Figure [2](#F2){ref-type="fig"} shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on diabetic rats\' FBG levels at weekly interval within 28 days treatment period. In non-treated diabetic rats, FBG levels were persistently higher than normal, non-diabetic rats. In diabetic rats, FBG levels began to decline beginning from day 7^th^, decline further at day 14^th^ and reached the lowest at day 28^th^ of *C. borivilianum* root aqueous extract or glibenclamide treatments. No significant difference in FBG levels were noted between treatment with 500mg/kg/day *C. borivilianum*root aqueous extract and glibenclamide at weekly interval.

Changes in Serum HbA1c Levels
-----------------------------

Figure [3](#F3){ref-type="fig"}A shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on serum HbA1c levels in diabetic rats. Our findings indicate that serum HbA1c levels were 2.71 fold higher in diabetic rats as compared to normal, non-diabetic rats. Treatment with *C. borivilianum* root aqueous extract at 250mg/kg/day and 500mg/kg/day resulted in 28.25% and 44.88% lower HbA1c levels respectively as compared to non-treated diabetic rats. No significant changes in serum HbA1c levels were noted between rats treated with 500mg/kg/day *C. borivilianum* root aqueous extract and glibenclamide.

Changes in Serum Insulin Levels
-------------------------------

Figure [3](#F3){ref-type="fig"}B shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on serum insulin levels in diabetic rats. Our findings indicate that the levels of serum insulin were the lowest in diabetic rats (41.23%) as compared to normal, non-diabetic rats. Treatment with 250mg/kg/day and 500mg/kg/day *C. borivilianum* root aqueous extract resulted in higher insulin levels (39.05% and 52.69% respectively) as compared to non-treated diabetic rats. No significant difference was noted in serum insulin levels between treatments with *C. borivilianum* root aqueous extract and glibenclamide.

Changes in Lipid Profile Levels
-------------------------------

Table [1](#T1){ref-type="table"} shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on serum lipid profile levels in diabetic rats. Our findings indicate that TC, TG, VLDL, and LDL levels were 100.4%, 56.2%, 56.3% and 1006.2% higher respectively in diabetic rats as compared to normal, non-diabetic rats. However, in diabetic rats, HDL levels were lower (61.96%) than normal, non- diabetic rats. Treatments of diabetic rats with *C. borivilianum*root aqueous extract at 250 and 500mg/kg/day resulted in the followings: 15.95% and 29.21% lower TC, 16.96% and 20.57% lower TG and VLDL, 27.71% and 52.65% lower LDL respectively as compared to non-treated diabetic rats. 52.15% and 89.04% higher HDL level was noted respectively in diabetic rats receiving 250mg/kg/day and 500mg/kg/day C. borivilianum root extract treatment as compared to non-treated diabetic rats. Glibenclamide treatment resulted in lower TC, TG, VLDL and LDL levels but higher HDL levels as compared to the treatment with 500mg/kg/day *C. borivilianum* root aqueous extract.

Correlation between Serum Insulin Levels and Metabolite Parameters
------------------------------------------------------------------

Figure [4](#F4){ref-type="fig"} shows the correlation between serum insulin and blood glucose (on day 28^th^), HbA1c, TG and TC levels. There were strong negative correlations between serum insulin and blood metabolite parameters (FBG, HbA1c, TG and TC) with correlation coefficients, (r) of 0.9692, 0.9848, 0.9817 and 0.9618 respectively.

Histopathological Changes of the Pancreas
-----------------------------------------

Figure [5](#F5){ref-type="fig"} shows the images of the pancreas of non-diabetic, non-treated diabetic and diabetic rats treated with *C. borivilianum* root aqueous extract or glibenclamide. Normal appearance of Islets of Langerhans and acinar cells were seen in normal, non-diabetic rats. Histopathological changes as featured by destruction of the Islets, blood-filled interlobular duct and disorganized acinar cells were seen in STZ-induced diabetic rats. Milder histopathological changes as indicated by higher number of Islets/pancreas,β-cells/Islets ratio and diameter of Islets and β-cells were seen following *C. borivilianum* root aqueous extract or glibenclamide treatments in diabetic rats as compared to non-treated diabetic rats.

Morphometric Analyses of the Pancreas
-------------------------------------

Table [2](#T2){ref-type="table"} shows average number of Islets of Langerhans, diameter of Islets, number of β-cells within an Islet and β-cell diameter in normal, non-treated diabetic and diabetic rats treated with *C. borivilianum* root aqueous extract at 250 and 500mg/kg/day or glibenclamide. The average number of Islets was significantly reduced in diabetic rats (60.43%) as compared to normal, non-diabetic rats. In parallel, diameter of Islets, number of β-cells per Islet and diameter of β-cells were also reduced by 41.23%, 53.08% and 30.9% respectively as compared to normal, non-diabetic rats. Treatment with 250 and 500mg/kg/day *C. borivilianum* root aqueous extract resulted in higher number of Islets (71.27% and 105.51%), diameter of Islets (24.13% and 47.82%), number of β-cells per Islet (45.47% and 67.77%) and diameter of β-cells (16.82% and 22.15%) respectively as compared to non-treated diabetic rats. Glibenclamide treatment resulted in 118.67%, 57.61%, 71.95% and 29.13% higher number of Islets, Islet diameter, number of β-cells per Islet and β-cell diameter respectively as compared to non-treated diabetic rats.

Estimation of HOMA Indices
--------------------------

Table [3](#T3){ref-type="table"} shows the HOMA indices for insulin resistance (HOMA-IR) and β-cell function (HOMA-ß cell) in normal, diabetic rats and diabetic rats treated with 250 and 500mg/kg/day *C. borivilianum* root aqueous extract or glibenclamide. Our findings indicate that HOMA-IR index was 167.47% higher in diabetic rats as compared to normal, non-diabetic rats. Meanwhile, HOMA-β cell functioning index was 95.11% lower in diabetic rats as compared to normal, non-diabetic rats. Treatment with 250, 500mg/kg/day *C. borivilianum* root aqueous extract or glibenclamide in diabetic rats resulted in 22.79%, 21.88% and 22.49% lower HOMA-IR index respectively as compared to non-treated diabetic rats. Treatment of diabetic rats with 250 and 500mg/kg/day *C. borivilianum* root aqueous extract resulted in higher HOMA-β cell functioning index (192.33% and 259.74% respectively) as compared to non-treated diabetic rats. Glibenclamide treatment resulted in 315.01% higher HOMA β-cell functioning index as compared to non-treated diabetic rats.

Pancreas LPO Levels
-------------------

Figure [6](#F6){ref-type="fig"}A shows the effect of *C. borivilianum* root aqueous extract or glibenclamide on the amount of LPO product, MDA in diabetic rats\' pancreas. Pancreatic MDA levels were significantly (p\<0.01) higher (163.47%) in non-treated diabetic rats as compared to normal, non-diabetic rats. However, the levels of MDA were 31.83% lower following 250mg/kg *C. borivilianum* root extract treatment as compared to non-treated diabetic rats. Pancreatic MDA levels were nearly 44.54% lower in 500mg/kg *C. borivilianum* root extract-treated diabetic rats as compared to non-treated diabetic rats. 48.04% lower MDA levels were observed in the pancreas of diabetic rats following glibenclamide treatment as compared to non-treated diabetic rats. The 500mg/kg *C. borivilianum* root extract treatment was 1.06 time less potent than glibenclamide in preventing the increase in pancreas MDA levels in diabetic rats.

Pancreas SOD Activity Levels
----------------------------

The SOD activity levels in the pancreas of diabetic rats receiving *C. borivilianum* root extract or glibenclamide treatments were shown in figure [6](#F6){ref-type="fig"}B. Our findings indicate that SOD activity levels were 28.78% lower in STZ-induced diabetic rat as compared to normal, non-diabetic rats. 28-days treatment of diabetic rats with 250 and 500 mg/kg/day *C. borivilianum* root extract resulted in significantly higher SOD activity levels (23.4% and 29.78%) as compared to non-treated diabetic rats. Glibenclamide administration resulted in 35.1% higher SOD activity levels as compared to non-treated diabetic rats. The 500mg/kg *C. borivilianum* root extract was 0.96 time less potent than glibenclamide in preventing the increase in pancreas SOD activity levels in diabetes.

Pancreas CAT Activity Levels
----------------------------

Figure [6](#F6){ref-type="fig"}C shows the effect of *C. borivilianum* root extract or glibenclamide on pancreas CAT activity levels in diabetic rats. Our findings indicate that CAT activity levels were lower in diabetic rats (66.03%), as compared to normal, non-diabetic rats. Treatment with 250 and 500mg/kg/day *C. borivilianum* root extract in diabetic rats resulted in a significantly higher CAT activity levels (38.88% and 77.77%) respectively as compared to non-treated diabetic rats. Glibenclamide treatment in diabetic rats resulted in 105.55% higher CAT activity levels as compared to non-treated diabetic rats. 500mg/kg/day *C. borivilianum* root extract was 0.86 fold less potent than glibenclamide in preventing the increase in CAT activity levels in diabetes.

Pancreas GPx Activity Levels
----------------------------

Figure [6](#F6){ref-type="fig"}D shows the effect of *C. borivilianum* root extract or glibenclamide on GPx activity levels in diabetic rat pancreas. In non-treated diabetic rats, GPx activity levels were 33.58% lower than normal, non-diabetic rats. Treatment of diabetic rats with 250 mg/kg/day *C. borivilianum* root extract resulted in 17.97% higher GPx activity levels as compared to non-treated diabetic rats. Meanwhile, 500 mg/kg/day *C. borivilianum* root extract treatment resulted in 29.21% higher GPx activity levels as compared to non-treated diabetic rats. Glibenclamide treatment resulted in 39.32% higher GPx activity levels as compared to non-treated diabetic rats. 500mg/kg/day *C. borivilianum* root extract was 0.92 fold less potent than glibenclamide in preventing the decrease in GPx activity levels in diabetic rat pancreas.

Discussion
==========

To the best of our knowledge, this study is the first to investigate the effect of sub-chronic administration of *C. borivilianum* root aqueous extract on FBG, insulin, HbA1c and lipid profile levels, pancreas histolpathology, glucose homeostasis indices and pancreas oxidative stress in diabetes. We have shown that consumption of *C. borivilianum* root extract maintained near normal levels of FBG, insulin, HbA1c, lipid profile, glucose homeostasis indices and prevented the destruction of normal pancreas morphology and the elevation of pancreas oxidative stress in diabetes. Our study complement and extent the previous observations in diabetic rodents where decrease in blood glucose levels were noted following acute administration of *C. borivilianum* root extract [@B13], [@B14]. In our study, high levels of FBG in STZ-induced diabetic rats could be due to the selective toxicity of this compound [@B9] towards pancreatic β-cell as indicated by reduced in the number of Islet of Langerhans and increased in signs of pancreatic inflammation. Administration of *C. borivilianum* or glibenclamide four days after STZ injection were able to rescue the pancreatic islet destruction and promote islet recovery therefore could lead to maintenance of near normal insulin secretion, levels of FBG, HbA1c and lipid profiles in diabetes. Similar observation has been reported in diabetic rats where glibenclamide administration seven days following STZ injection was able to reverse to near normal FBG and serum insulin levels [@B30].

There were reports which indicate ability of islets to recover following STZ injection. Bonner Weir et al [@B31] reported that administration of STZ to neonatal rats leads to partial islets recovery after 10 days and near full recovery in 6 weeks. Nicholson et al [@B32] reported that considerable amount of β-cell regeneration occurred following STZ exposure in rats. β-cells have been reported to display plasticity in adult mice, whereby 70-80% apoptosis and islets destruction following doxycline administration were reversed upon drug withdrawal [@B23], [@B33]. Meanwhile, a report in humans indicated that there was attempted regeneration of β-cells in newly onset type-1 diabetes [@B19], [@B34]. We postulated that *C. borivilianum* root extract was able to fasten β-cells regeneration and islets recovery following initial STZ insults, whereas slow or no recovery was anticipated in rats which did not received this extract treatment. Future study should take into consideration administration of this extract at the onset of STZ injection in order to investigate its protective role against STZ-induced β-cell toxicity. Additionally, protective effect of the extract against repeated STZ exposure should also be investigated.

In this study, higher insulin secretion in diabetic rats following *C. borivilianum* root extract treatment was reflected by higher HOMA-β cell functioning index. HOMA β-cell functioning index is a valid [@B35] and widely used index to assess insulin secretion in diabetes [@B36]-[@B38]. Meanwhile, HOMA-insulin resistant (IR) index, a valid measure of insulin resistance [@B39], [@B40] was decreased following *C. borivilianum* root extract treatment which indicates decreased insulin resistance in diabetes. HOMA-IR index is a simple yet reliable measure of insulin resistance [@B41]. HOMA-IR index was comparable to other method for measuring insulin resistance such as hyperinsulinemic-euglycemic glucose clamp [@B42]. In our study, near normal HOMA β-cell functioning index following *C. borivilianum* root aqueous extract treatment was consistent with the morphometric analyses which indicate higher islets and β-cell numbers and diameters in diabetic rats receiving *C. borivilianum* root extract treatment. These findings pointed towards extract role in preventing pancreas destruction and maintaining pancreatic function in diabetes.

HbA1c is used to evaluate risk of developing micro- and macrovascular complications as well as to assess the cumulative damage due to hyperglycemia and glyco-oxidation in diabetes [@B43], [@B44]. HbA1c is a sensitive marker which is used to detect early diabetes in high risk individuals with normal FBG levels [@B45]. HbA1c has also been used to monitor the glycemic control in order to assess the efficacy of diabetes treatment [@B46]. In our study, lower serum HbA1c levels which was observed in diabetic rats treated with *C. borivilianum* root aqueous extract indicate near normal glycemic control. We have shown that *C. borivilianum* root extract is as potent as glibenclamide, a reference anti-diabetic drug [@B47] in normalizing HbA1c levels indicating that this herb could potentially be used for a long-term control of blood glucose levels in diabetes. Further work to investigate the combined effect of glibenclamide and *C. borivilianum* root extract on FBG and HbA1c levels in diabetic rats is needed to display superior effect of the combined treatment as compared to treatment with glibenclamide alone. Meanwhile, a strong negative correlation was observed between HbA1c and serum insulin levels which indicate that changes of the former were dependent on the latter.

Our findings further showed that treatment with *C. borivilianum* root aqueous extract preserved near normal lipid profile levels in diabetic rats. *C. borivilianum* root extract has been reported to exhibit anti-hyperlipidemic and hypolipidemic effects [@B21]. Visavadiya and Narasimhacharya [@B48] reported that administration of *C. borivilianum* root to hypercholesterolemic, non-diabetic male rats resulted in a significant increase in plasma HDL levels and an improvement of plasma and hepatic lipid profile levels. We have shown that administration of *C. borivilianum* root extract was able to maintain near normal TC, TG, VLDL, LDL and HDL levels in diabetic rats. Preservation of near normal serum lipid profile levels could help to protect against hypercholesterolemia-induced cardiovascular complications including artherosclerosis and coronary artery disease [@B49] in view that hypercholesterolemia in diabetes is frequently associated with increased plasma LDL, TG with decreased HDL levels [@B50]. In addition, the increase insulin secretion as observed in diabetic rats treated with *C. borivilianum* root extract could help to normalize the lipid profile levels in view that insulin was found to inhibit TC [@B51] and TG [@B52] syntheses. In our study, negative correlation was observed between TG and TC with serum insulin levels which indicate that changes in serum lipid profiles was dependent on insulin.

Numerous studies have shown that hyperglycaemia can cause increased oxidative stress via activation of various molecular pathways including polyol, non-enzymatic protein glycosylation, glucose auto-oxidation and advanced glycation end products (AGES) accumulation which lead to increased production of ROS. In the present study, the amount of LPO product, MDA was higher in diabetic rats\' pancreas as compared no non-diabetic rats indicating of high levels of oxidative stress due to intensified free-radical formation [@B53]. Our findings were in agreement with Kade et al [@B54] who reported that high amount of LPO product was observed in diabetic rats\' pancreas. *C. borivilianum* root extract administration to diabetic rats lowered the LPO product, indicating that this plant extract could prevent elevation of oxidative stress of the pancreas in diabetes. This observation was supported by the reported *in vivo* and *in vitro* antioxidant activities of the root extract against tissue oxidative stress [@B55], [@B56].

Antioxidant enzymes such as SOD, CAT and GPx have been shown vital to eliminate ROS. SOD is one of the important enzymes that scavenges superoxide radical (O^2•-^) to H~2~O~2~ and molecular oxygen [@B57]. In our study, SOD activity levels in diabetic rats\' pancreas were decreased which could be due to inactivation by H~2~O~2~or enzymatic glycosylation [@B58]. Meanwhile, CAT and GPx enzymes are involved in eliminating H~2~O~2~ and protect the tissue against highly reactive hydroxyl radicals. In our study, the decrease in CAT and GPx activity levels in diabetic rats\' pancreas could be due to inactivation by superoxide radical or enzymatic glycation [@B59]. Administration of *C. borivilianum* root extract to diabetic rats prevented the parallel decrease in pancreas SOD, CAT and GPx activity levels. We proposed that the maintenance of near normal activity levels of these enzymes could help to protect tissue against oxidative damage caused by free radicals through enhancing the tissue antioxidative defense mechanisms [@B48]. Our findings were supported by similar observation in diabetic rats\' liver where *C. borivilianum* root extract administration caused a simultaneous increase in activity levels of SOD, CAT and GPX and a decrease in the amount of MDA [@B60].

In our study, we postulated that maintenance of near normal body weight in diabetic rats following *C. borivilianum* root extract treatment may be related to the preservation of food intake or the protection against catabolism through increased insulin availability to promote the anabolic processes. In diabetes, loss of body weight could be due to increased muscle protein degradation [@B61]. In addition, diabetics were also reported to have decreased appetite [@B62] which could further aggravate weight loss. Insulin helps to restore body weight via stimulating protein [@B63] and lipid syntheses [@B64] as well as glycogen storage [@B65] in the skeletal muscles. Therefore, prevention against body weight loss in diabetic rats following *C. borivilianum* root extract treatment indicate that this herb may prevent the degradation of macromolecules and maintaining their storage in diabetes.

In conclusion, our findings has provided scientific evidences to support the claims that *C. borivilianum* root is useful in treating diabetes and its related metabolic complications via preserving near normal metabolite parameters including FBG, lipids and insulin levels and prevented the development of oxidative stress and the destruction of the pancreas in diabetes. These findings should be interpreted as the protective effect of the extract against STZ-induced progression of islets destruction. Additionally, this extract may also have insulinomimetic properties which may account for some of the observed insulin effects. Due to its high potency, *C. borivilianum* root extract could potentially be used in the treatment of diabetes and its metabolic complications.

This study was funded by High Impact Research Grant (UM.C/625/1/HIR/E000046-20001) University of Malaya, Kuala Lumpur, Malaysia.

![**Effect of *C. borivilianum*root aqueous extract treatment on initial and final body weight in different experimental groups.** Significantly lower body weight was noted in diabetic rats as compared to normal, non-diabetic rats. *C. borivilianum* root aqueous extract and glibenclamide treatments prevented body weight loss in diabetic rats. n=6 rats per group. \*p\<0.05 as compared to initial body weight. 250C: 250mg/kg/day *C. borivilianum*root aqueous extract, 500C: 500mg/kg/day *C. borivilianum*root aqueous extract; 600G: 600µg/kg/day glibenclamide.](ijmsv11p1172g001){#F1}

![**Effect of *C. borivilianum*root aqueous extract treatment on the FBG level at weekly interval in different experimental groups within 28-days of treatment.** No significant changes in FBG level were noted in normal, non-diabetic rats. In diabetic rats, FBG was persistently high throughout 28 days. A significantly lower FBG level was noted beginning from day 7 of *C. borivilianum* root aqueous extract and glibenclamide treatments. Near normal FBG was observed in these treatment groups at day 28. n=6 rats per group. 250C: 250mg/kg/day *C. borivilianum*root aqueous extract, 500C: 500mg/kg/day *C. borivilianum*root aqueous extract; 600G: 600µg/kg/day glibenclamide.](ijmsv11p1172g002){#F2}

![**A) Effect of *C. borivilianum*root aqueous extract treatment on HbA1c level in different experimental groups.** The level of HbA1c was the highest in diabetic group. Treatment with *C. borivilianum* root aqueous extract or glibenclamide caused significantly lower HbA1c levels as compared to the non-treated diabetic rats. n=6 rats per treatment group. \*p\<0.05 as compared to normal, non-diabetic rats. †P\<0.05 as compared to non-treated diabetic rats. 250C: 250mg/kg/day *C. borivilianum*root aqueous extract, 500C: 500mg/kg/day *C. borivilianum*root aqueous extract; 600G: 600µg/kg/day glibenclamide. **B) Effect of *C. borivilianum*root aqueous extract treatment on serum insulin levels in different experimental groups.**The level of insulin is the lowest in diabetic rats. Treatment with *C. borivilianum* root aqueous extract or glibenclamide caused significantly higher serum insulin levels as compared to the non-treated diabetic rats. n=6 rats per treatment group. \*p\<0.05 as compared to normal, non-diabetic rats. †P\<0.05 as compared to non-treated diabetic rats. 250C: 250mg/kg/day *C. borivilianum*root aqueous extract, 500C: 500mg/kg/day *C. borivilianum*root aqueous extract; 600G: 600µg/kg/day glibenclamide.](ijmsv11p1172g003){#F3}

![**Correlation between serum insulin levels and (a) blood glucose levels at day 28, (b) HbA1c, (c) triglyceride and (d) total cholesterol levels.**There are strong negative correlations (r\>0.90) between serum insulin levels and the studied parameters indicating insulin-dependent changes.](ijmsv11p1172g004){#F4}

![**Representative high magnification image of pancreas in different experimental groups**. **A)** normal, non-diabetic rats, **B)** STZ-induced diabetic rats, **C)** 250mg/kg/day *C. borivilianum* root aqueous extract treatment, **D)** 500mg/kg/day *C. borivilianum* root aqueous extract treatment and **E)** glibenclamide treatment. Lower number and size of Islets of Langerhans was observed in diabetic rats as compared to non-diabetic rats. *C. borivilianum* root aqueous extract treatment caused higher Islet size and numbers in diabetic rats. IrD - Interlobular duct, CT - Connective tissue, BV- Blood vessel, IL - Islet of Langerhans. Scale bar = 50µm.](ijmsv11p1172g005){#F5}

![**A) Estimation of LPO product, MDA in pancreas in different experimental groups**. Higher MDA levels were noted in diabetic rats as compared to normal, non-diabetic rats. Administration of *C. borivilianum* root extract resulted in decreased MDA levels. **B) SOD activity levels in pancreas in different experimental groups.** SOD activity was reduced in diabetic rats as compared to normal, non-diabetic rats. Administration of *C. borivilianum* root extract at 250 and 500mg/kg/day or glibenclamide in diabetic rats resulted in higher SOD activity levels as compared to non-treated diabetic rats. **C) CAT activity levels in pancreas in different experimental groups.**Administration of *C. borivilianum* root extract at 250 and 500mg/kg/day or glibenclamide in diabetic rats prevented the deterioration in CAT activity levels. **D) GPx activity levels in pancreas in different experimental groups.** Administration of *C. borivilianum* root extract at 250 and 500mg/kg/day or glibenclamide prevented the deterioration of GPx activity in diabetes. 250C: 250 mg/kg/day *C. borivilianum* root extract; 500C: 500 mg/kg/day *C. borivilianum* root extract, 600G: 600 µg/kg/day glibenclamide. n=6 per treatment group, \*p\<0.05 as compared to normal, non-diabetic control rats, †p\<0.05 as compared to non-treated diabetic rats.](ijmsv11p1172g006){#F6}

###### 

Effect of *C. borivilianum*root aqueous extract treatment on serum levels of total cholesterol, triglycerides, HDL, LDL and VLDL in different experimental groups.

  Parameters                  Normal            Diabetic            Diabetic                              
  --------------------------- ----------------- ------------------- ------------------ ------------------ ------------------
  Total cholesterol (mg/dl)   58.56 ± 3.85      117.36^\*^ ± 5.83   98.64^\#^ ± 3.24   83.07^\#^ ± 5.95   75.16^\#^ ± 3.14
  Triglycerides (mg/dl)       74.35^a^ ± 2.63   116.15^\*^ ± 4.75   96.45^\#^ ± 5.96   92.25^\#^ ± 3.35   83.63^\#^ ± 3.34
  HDL (mg/dl)                 36.46 ± 2.34      14.15^\*^ ± 1.53    21.53^\#^ ± 2.48   26.75^\#^ ± 1.43   29.52^\#^ ± 2.72
  LDL (mg/dl)                 7.23 ± 1.37       79.98^\*^ ± 2.83    57.82^\#^ ± 2.42   37.87^\#^ ± 2.56   28.92^\#^ ± 1.64
  VLDL (mg/dl)                14.87± 1.55       23.23^\*^± 1.36     19.29^\#^ ± 1.64   18.45^\#^± 1.85    16.72^\#^± 1.72

The value represents means ± S.D. for 6 rats per group. \*p\<0.01 compared to normal non-diabetic rats,^\#^p\<0.01 as compared to diabetic rats.

###### 

Effect of *C. borivilianum*root aqueous extract treatment on the number of Islets/pancreas, diameter of Islets, number of β-cells/Islets and diameter of β-cells in different experimental groups.

  Parameters                               Normal          Diabetic           Diabetic                                
  ---------------------------------------- --------------- ------------------ ------------------- ------------------- -------------------
  Number of islet of Langerhans/pancreas   21.56 ± 1.54    8.53^\*^ ± 0.94    14.61^\#^ ± 1.46    17.53^\#^ ± 1.35    18.67^\#^ ± 1.73
  Diameter of islet of Langerhans (µm)     143.56 ± 3.64   84.37^\*^ ± 4.57   104.71^\#^ ± 3.19   124.69^\#^ ± 4.54   132.96^\#^ ± 3.85
  Number of β-cells/ islet of Langerhans   12.78 ± 0.94    5.74^\*^ ± 0.47    8.35^\#^ ± 0.59     9\. 63^\#^ ± 0.64   9.87^\#^ ± 0.56
  Diameter of β-cells (µm)                 5.86 ± 0.64     4.05^\*^ ± 0.38    4.73^\#^ ± 0.46     4.94^\#^ ± 0.79     5.23^\#^ ± 0.84

Value represents means ± S.D. for 6 rats per group. \*p\<0.01 as compared to normal, non-diabetic rats group,^\#^p\<0.01 as compared to diabetic rats.

###### 

HOMA-IR and HOMA-β cell function in different experimental groups.

  Parameters                Normal        Diabetic          Diabetic                             
  ------------------------- ------------- ----------------- ----------------- ------------------ ------------------
  HOMA-IR                   1.23 ± 0.04   3.29^\*^ ± 0.07   2.54^\#^ ± 0.05   2.57^\#^ ± 0.08    2.55^\#^ ± 3.14
  HOMA-β cell functioning   64.0 ± 1.35   3.13^\*^ ± 0.75   9.15^\#^ ± 0.58   11.26^\#^ ± 0.47   12.99^\#^ ± 0.85

The value represents means ± S.D. for 6 rats per group. \*p\<0.01 as compared to non-diabetic rats, ^\#^p\<0.01 as compared to diabetic rats.
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